Abstract We have established a physiologically relevant mechanism of CD4+ T cell-mediated neuroprotection involving axotomized wildtype (WT) mouse facial motoneurons (FMN) with significance in the treatment of amyotrophic lateral sclerosis (ALS), a fatal MN disease. Use of the transgenic mouse model of ALS involving expression of human mutant superoxide dismutase genes (SOD1 G93A ; abbreviated here as mSOD1) has accelerated basic ALS research. Superimposition of facial nerve axotomy (FNA) on the mSOD1 mouse during presymptomatic stages indicates that they behave like immunodeficient mice in terms of increased FMN loss and decreased functional recovery, through a mechanism that, paradoxically, is not inherent within the MN itself, but, instead, involves a defect in peripheral immune: CNS glial cell interactions. Our goal is to utilize our WT mouse model of immune-mediated neuroprotection after FNA as a template to elucidate how a malfunctioning peripheral immune system contributes to motoneuron cell loss in the mSOD1 mouse. This review will discuss potential immune defects in ALS, as well as provide an up-to-date understanding of how the CD4+ effector T cells provide neuroprotection to motoneurons through regulation of the central microglial and astrocytic response to injury. We will discuss an IL-10 cascade within the facial nucleus that requires a functional CD4+ T cell trigger for activation. The review will discuss the role of T cells in ALS, and our recent reconstitution experiments utilizing our model of T cell-mediated neuroprotection in WT vs mSOD1 mice after FNA. Identification of defects in neural:immune interactions could provide targets for therapeutic intervention in ALS.
Introduction
Over the past decade and a half, work from our laboratory has identified and characterized an immune-mediated model of endogenous neuroprotection following facial nerve axotomy in wild-type (WT) and immunodeficient recombinaseactivating gene-2 knock-out (RAG-2 −/− ) mice lacking the adaptive arm of the immune system, while maintaining antigen-presenting cells (APC) of the innate arm of the immune system (Shinkai et al. 1992) . In this review, we will present an up-to-date summary of our current understanding of how CD4 + T cells act to provide neuroprotection of mouse facial motoneurons (FMN) disconnected from their target musculature by complete transection of the facial nerve at its exit from the stylomastoid foramen (SMF).
Amyotrophic lateral sclerosis (ALS) is a fatal neurodegenerative disease involving progressive loss of motoneurons (MN), distal axonopathy, and paralysis of target muscle (Kennel et al. 1996; Rowland and Shneider 2001; Fischer et al. 2004; Hegedus et al. 2007; Park and Vincent 2008; Carrasco et al. 2010) . Elegant work from multiple investigators has indicated that ALS pathophysiology involves a dysregulated immune response along with central neuroinflammation (Troost et al. 1992; O'Reilly et al. 1995; Graves et al. 2004; Henkel et al. 2004; Turner et al. 2004; Rafalowska et al. 2010; Sanagi et al. 2010; Mesnard et al. 2011) . A widely used transgenic mouse model of ALS, involving the overexpression of human mutant superoxide dismutase-1 (SOD1 G93A ; abbreviated to mSOD1 in this review), develops disease pathology similar to that in familial and sporadic ALS patients (Gurney et al. 1994) . Mariotti et al. demonstrated increased mSOD1 mouse FMN susceptibility to axotomy-induced cell death (Mariotti et al. 2002) . The demonstration that axotomy increases cell loss in the animal model of ALS suggests that an additional central nervous system (CNS) pathology, beyond the initiating axonal die-back events, may contribute to differential axotomy-induced target deprivation responses. To explore the differences in response to axotomy by mSOD1 and WT mice, we extended the findings of Mariotti et al. (Mariotti et al. 2002) by superimposing facial nerve axotomy on presymptomatic mSOD1 mice and examining the molecular responses of both axotomized FMN and the surrounding microenvironment in the facial nucleus. In this review, we will summarize the use of axotomy as a tool to understand ALS pathogenesis in the mSOD1 mouse model.
Finally, we will discuss peripheral immune defects in the mSOD1 mouse model that prevent effective CD4 + T cell activation/differentiation and outline the therapeutic potential of adoptive immuotherapy with neuroprotective mSOD1 T cells generated in vitro by facial nerve axotomy antigens. Identification of defects in neural:immune interactions could have an important impact because they can then be the target of therapeutic intervention in ALS.
CD4+ T Cell-Mediated Neuroprotection
For decades, the rodent facial nerve injury model has proven to be an ideal model in which to investigate mechanisms of neuroprotection and neuroregeneration (Moran and Graeber 2004) . The Jones laboratory has examined facial nerve injury responses in hamster (Kinderman et al. 1998) , mouse (Serpe et al. 1999) , and rat (Foecking et al. 2012) , and compared different locations of facial nerve damage as well (Sharma et al. 2009 ). One of the distinct advantages to the rodent facial nerve injury at its exit from the skull is that, while it produces a unilateral paralysis of the muscles of facial expression, vital functions that include breathing, swallowing, and locomotion are unaffected. In contrast to the relatively nonconsequential facial nerve injury in animal models, loss of facial expression due to facial nerve injury in humans has both physical and psychological implications that result in significant restrictions for the affected individual. Thus, use of a simple animal model to understand neuroprotection and neurorepair could provide insights into therapeutic strategies designed to reduce disability and disfigurement associated with prolonged facial paralysis.
To explore neural:immune interactions in the context of neural injury and repair, we combined the mouse facial nerve injury model with a host of immunodeficient mouse models in order to investigate the impact of components of the immune system on neural repair. Initially, we began with two different immunodeficient mouse strains, the severe combined immunodeficiency and RAG2 −/− models, which lack functional T and B cells, and explored the effects of removing the adaptive arm of the immune system on neuronal viability after target disconnection . We discovered that, in the absence of T and B cells, FMN survival levels after axotomy at the SMF were decreased, but could be restored with adoptive transfer of whole splenocytes prior to axotomy (Serpe et al. 1999) . Interestingly, following an extensive time course study (Serpe et al. 2000) , we determined that a select percentage of FMN were vulnerable in the absence of T and B cells, whereas, approximately 50 % of axotomized FMN were resilient and did not die under immunodeficient conditions. Why some neurons within the same MN pool undergo a different fate when target-disconnected is unclear, but an important future area of research on MN cell death throughout the neuraxis. Subsequently, a series of experiments was conducted to identify exactly which immune cell types contributed to FMN neuroprotection following facial nerve axotomy. These experiments utilized a host of relevant immunodeficient mouse models, including: CD4 + T cell deficient, CD8 + T cell deficient, B cell deficient, interleukin-4 (IL-4) deficient, interferon-gamma (IFN-γ) deficient, STAT-4 and STAT-6 knock out (Byram et al. 2003; Serpe et al. 2003; DeBoy et al. 2006b; Deboy et al. 2006a ) mice, to analyze the role of individual types of immune cells in neuroprotection. The collective results of those studies revealed that the CD4 + T cell is responsible for mediating the neuroprotective actions of the immune system on FMN survival after axotomy.
Historically, two types of CD4+ T effector cells, T helper type 2 (Th2) and T helper type 1 (Th1), producing antiinflammatory (IL-4, IL-10) or pro-inflammatory (IFN-γ) cytokines, respectively, were described. In view of that literature, we explored which CD4 + T helper cell was responsible for FMN neuroprotection. The results of those studies indicate that the Th2, and not the Th1, cell subset is critical for FMN survival levels to equal WT after axotomy (Deboy et al. 2006a) . These data are consistent with studies indicating that a shift toward the activation of a Th2 cell may delay neurodegenerative disease onset and/ or inhibit disease progression (Reynolds et al. 2010; Yang et al. 2013 ). More recently, there has been the discovery of additional T cell subsets, including Tregulatory cells (Tregs), which may dampen the initiation and/or development of pro-inflammatory immune responses, and are considered to be anti-inflammatory. We characterized the phenotype of T cell subset development in lymphoid tissue following a unilateral facial nerve injury in the WT mouse and found, surprisingly, that all T cell subsets identified at the time did develop and expand in number in the draining lymph nodes, and were accompanied by cytokine increases . A future question will be to explore the impact of the other T cell subsets, both pro-and anti-inflammatory, on FMN survival after axotomy. At this point, we know that the Th1 cell, as an example of a proinflammatory cell, is not involved, and that the Th2 cell, as an example of an anti-inflammatory cell, is critical to achieve full neuroprotection. We have also examined CD4 + T cell subset involvement in functional recovery from facial paralysis in order to address the role of CD4 + T cells on the process of axonal elongation and nerve regeneration (Beahrs et al. 2010) . Those studies utilized a series of immunodeficient mice in which impairment occurs in either the Th2 or the Th1 effector cell, and the results indicate that, while the Th2 cell is implicated selectively in neuronal viability, both the Th2 and Th1 cells with antiand pro-inflammatory actions contribute to optimal functional recovery from axotomy-induced facial paralysis. These data argue that differential effects of the peripheral immune response to nerve injury occur in a locationdependent manner.
The results of our initial experiments utilizing a host of immunodeficient mice to examine FMN survival as well as functional recovery led next to the question of the site of the neural:immune interactions mediating the positive effects of immune cells on injured FMN. In 1998, Raivich et al. published a study demonstrating that T cells infiltrated the facial motor nucleus in WT mice between 7 and 21 days after peripheral axotomy (Raivich et al. 1998) . Ha et al. (2007) also demonstrated a significant increase in CD4 + T cells with the facial motor nucleus after peripheral axotomy. However, a substantial immune response at the site of injury, triggering Wallerian degeneration, has been a well-described, universal component of peripheral nerve injury (Brushart 2011) . Thus, evidence existed within the literature in support of either a CNS or peripheral nervous system (PNS) site of action or both, with regard to the ability of CD4 + T cells to provide neuroprotection in the facial nerve injury paradigm. In order for naïve CD4 + T cells to differentiate into armed effector cells, such as the Th2 cell, and secrete appropriate cytokines, they must first be activated and then subsequently re-activated by the same antigen presented in the context of the major histocompatibility complex II (MHCII) molecule. In collaboration with Dr. Monica Carson, we created chimeric mice that were reciprocal in nature, i.e., APC lacking MHCII peripherally but retaining MHCII centrally or APC lacking MHCII centrally but retaining MHCII peripherally (Byram et al. 2004 ). These chimeric mice were utilized in a facial nerve injury study to determine the location of CD4 + T cell activation, with the results indicating a dual compartment model of CD4 + T cell activation in the draining cervical lymph node after facial nerve axotomy at the SMF. First, the CD4 + T cell requires activation and differentiation in peripheral lymph tissue. Such peripheral activation is then followed by central re-activation by microglial cells in close association to FMN within the microenvironment in the facial motor nucleus.
With the determination that part of the mechanism by which CD4 + T cells exert a neuroprotective action involves interaction with microglial cells within the CNS, we next explored the question of how the CD4 + T cells are recruited into the facial nucleus. In a series of studies examining chemokine expression within the facial nucleus induced by peripheral nerve damage, along with the use of chemokine receptordeficient mice, we established that Th2-associated chemokines are upregulated within the facial nucleus after injury (Wainwright et al. , 2009a . Furthermore, chemokine receptor CCR3-deficient T cells failed to rescue FMN from axotomy-induced cell death, relative to WT CD4 + T cells (Wainwright et al. 2009c ). In immunocytochemical experiments, Wainwright et al. (2009b) established that facial nerve axotomy induced the expression of CCL11, a Th2-associated chemokine, within astrocytes in the facial motor nucleus within the first 2 weeks after injury, and with a return to baseline by 30 days post-axotomy. Therefore, in addition to knowledge gained concerning microglial involvement in CD4 + T cellmediated neuroprotection, it appears that the astrocyte, activated by axotomy in the microenvironment surrounding injured FMN cell bodies, is, along with the microglial cell, a key player in the ability of peripherally activated T cells to be recruited into the facial nucleus after axotomy.
We established that T cell recruitment into the facial nucleus through astrocytic production of appropriate chemokine, along with microglial-mediated T cell re-activation, are key elements in the mechanism by which T cell neuroprotection occurs. Therefore, we next tested the hypothesis that the reactivated CD4 + T cell produced neurotrophic or neuroprotective molecules within the facial nucleus, and that such T cellsecreted molecules were directly responsible for FMN rescue after axotomy. Research indicates brain-derived neurotrophic factor (BDNF) is expressed by mature resting CD4 + T cells (Kerschensteiner et al. 1999; Ziemssen et al. 2002) . We found that supernatant from the draining lymph nodes 9 days after axotomy contained BDNF, and could be used to rescue FMN from axotomy-induced cell death when applied at the cut stump of the facial nerve and retrogradely transported back to the facial nucleus (Serpe et al. 2005) . However, to our surprise, CD4 + T cells devoid of BDNF through cre-lox mouse technology were equally capable of FMN rescue as WT after axotomy (Xin et al. 2011) .
Interleukin 10 (IL-10) is the phenotype-defining cytokine of type 1 regulatory T cells and is also produced by Th2 cells. IL-10 is a potent inhibitor of inflammation due to its ability to dampen Th1 cell activity and subsequent inflammatory cytokine production (Strle et al. 2001) . Over the past decade, the beneficial effects of IL-10 have been shown in numerous neuroinflammatory disease models, including experimental encephalomyelitis, spinal cord injury, stroke, and Parkinson's disease Brewer et al. 1999; Cua et al. 2001; Frenkel et al. 2005; Qian et al. 2006 ). Collectively, these findings indicate that IL-10 plays a role in regulation of CNS inflammation and perhaps viability of neurons under normal conditions. We examined the role of IL-10 in CD4 + T cellmediated neuroprotection and discovered that both the CD4 + T cell and IL-10 are required for full FMN survival levels after axotomy (Xin et al. 2011 ). However, the T cell proved not to be the source of IL-10 ( Xin et al. 2011) .
Thus, the current working model of T cell-mediated neuroprotection after peripheral target disconnection is based upon the hypothesis that the centrally recruited CD4 + T cell interacts with the microenvironment surrounding the injured FMN in such a way to induce an anti-inflammatory IL-10 cascade (Fig. 1) . Our current hypothesis is that the microglial cell is the source of IL-10, and its release is dependent upon T cellmicroglia communication. Once released into the environment, IL-10 could bind to astrocytes and modulate FMN indirectly and/or bind to FMN directly in order to exert its neuroprotective effects.
Immune Defects in ALS
The earliest evidence suggesting a relationship between the immune system and ALS was that obtained from postmortem brain and spinal cord tissue from individuals with ALS. T cell infiltrates were found in the brain and/or spinal cord at not only end-stage disease in humans (Troost et al. 1989; Engelhardt et al. 1993 ), but also during disease progression in mSOD1 mice (Beers et al. 2008; Chiu et al. 2008) . In the latter studies using transgenic mouse models lacking T cell activity, the rate of disease progression increased and survival time decreased. Importantly, these detrimental outcomes were prevented when the transgenic mice received an adoptive transfer of either WT or mSOD1 bone marrow cells. Both lines of evidence suggested that CD4 + T cells play a neuroprotective role in ALS. The exact nature of the neuroprotection has been investigated actively, with most evidence indicating a role for CD4+ T cells in the modulation of the microglial inflammatory response to neuronal injury (Troost et al. 1989; Beers et al. 2011 ). Since ALS is a neurodegenerative disease that involves MN loss, these important findings suggest that CD4 + T cells affect MN survival to regulate the ALS disease process.
The specific CD4 + T cell subset responsible for mediating the neuroprotective effect in ALS became an active area of investigation, with Foxp3 + T-regulatory (Treg) cells specifically a focus of attention. Some studies used the in vivo activation states of microglia to identify Treg-mediated effects on inflammation, including microglial anti-inflammatory (M2) versus pro-inflammatory (M1) responses ). More recently, using analyses at the molecular level, mSOD1 microglia were found to express neurodegeneration-specific genes that distinguished them from M1/M2 cells and correlated with the expression of T cell genes reflective of T cellmicroglia interaction (Chiu et al. 2013) . In ALS patients, the presence of Foxp3 + T-regulatory cells declined with disease progression (Henkel et al. 2013) . In mice, during early stage disease, Treg cells increased in number, produced IL-4, and were associated with M2-mediated neuroprotection (Liao et al. 2012; Henkel et al. 2013) , while Treg cells during late stage disease decreased in number, as did the level of neuroprotection (Troost et al. 1989; Beers et al. 2011) . When immunodeficient mSOD1 mice were used, the adoptive transfer of CD4 +
Foxp3
+ IL-4-producing T cells (Beers et al. 2011) or activated CD4 + CD25 + T cells (Banerjee et al. 2008 ) from either WT or mSOD1 mice promoted survival and decreased the rate of disease progression. However, the neuroprotective effect was not evident in mice adoptively transferred with naive CD4 + CD25
− T cells in comparison to those mice receiving activated T cells (Banerjee et al. 2008) suggesting that naïve T cells may fail to become activated for neuroprotective potential when transferred to mSOD1 mice. When mSOD1 Treg cells were cultured with mSOD1 microglia, they suppressed microglial production of NOX2 and iNOS in an IL-4-dependent manner (Henkel et al. 2013) , and thus could contribute to the slowlyprogressing phase of the disease until their numbers decreased. Epigenetic studies in immune cells of ALS patients have also shown that gene regulation may be altered in ALS. Changes in miRNA expression patterns in immune cells from ALS patients (Butovsky et al. 2012 ) and mSOD1 mice (Parisi et al. 2013 ) were linked to mSOD1 inflammation and disease Fig. 1 The current working model of T cell-mediated neuroprotection following peripheral target disconnection progression, suggesting that a miRNA signature might be associated with ALS. Also along this line of changes occurring at the molecular level, one study identified specific epigenetic changes involving global methylation in postmortem ALS spinal cords, but not in blood (Figueroa-Romero et al. 2012) , suggesting another mechanism that may be involved with ALS progression.
A role for other immune cells in ALS, including other CD4 + T cell subsets, remains under investigation. Few studies have focused on the role of the B cell, and these studies have produced varying results. One study reported that no changes in any antibody isotype occurred in ALS patients in comparison to normal controls (Rentzos et al. 2013) , while another study reported changes in IgG and the level of immune complexes (Saleh et al. 2009 ). A much earlier study of humans with ALS found changes in the level of IgA and IgG, although these changes appeared to correlate with repeated infections in these patients and not with ALS disease progression (Hoffman et al. 1981) . Thus, the role of B cells in the disease process is unclear. Also, a role for NKT cells was suggested when these cells were found in the spinal cords of mSOD1 mice and their presence was associated with a loss in neuroprotection, particularly when an inhibition of NKT activity delayed disease onset and increased survival (Finkelstein et al. 2011) . Thus far, the majority of findings suggest a role for neuroprotective CD4 + Treg cells in ALS, and an unclear role for other immune cells.
Although a measurement of disease onset and progression in mSOD1 mice and humans suggested a role for immune cells in ALS, few studies have addressed the MN itself. For MN survival to occur in axotomized wildtype (WT) mice, Th2-like cells are required (Deboy et al. 2006a) , and they must be activated in the periphery and reactivated for effector function in the brain (Byram et al. 2004) . Another study suggested that CD4 + CD25 + T cells may not be involved in MN survival (DeBoy et al. 2006b ), although, as suggested above, they appear to play a beneficial role in disease progression and survival.
Use of Axotomy as Tool in Understanding ALS Pathogenesis
Contributing factors that influence the ability of an injured MN to survive include neuronal signals along with a tightly regulated microenviromental reaction involving CNS glial and immune cells. The rodent facial nucleus has a topography of subnuclear groups with distinct innervation patterns (Ashwell 1982) . In a recent topographical mapping study (Canh et al. 2006) , we analyzed the anatomical distribution pattern of FMN survival levels in 6 subnuclear groups within the WT mouse facial nucleus and unexpectedly found distinct differences in survival levels. While overall survival was around 85 %, there was essentially 100 % FMN survival in the ventromedial (VM), but only 70 % survival in the ventrolateral (VL), subnucleus. These results led to a molecular investigation of both the FMN injury response and the reaction of surrounding glial cells within the facial nucleus and in close proximity to the FMN cell bodies (Mesnard et al. 2010) . Surprisingly, VM and VL FMN responded similarly to facial nerve injury and in a regenerative manner, despite differences in fate. In contrast, the surrounding glial responses between the 2 subnuclear regions were significantly different and support a causative role for glial and/or immunederived molecules in directing the fate of VM and VL FMN subjected to the same injury.
In agreement with the literature (Mariotti et al. 2002) , we found that FMN survival levels after facial nerve injury in presymptomatic mSOD1 were significantly decreased, relative to WT ) and, interestingly, comparable to immunodeficient animals. Given the potential for immune dysfunction as a contributing factor to ALS disease onset/progression, the comparable reactions to axotomy by immunodeficient and mSOD1 mice was particularly striking. Axonal pathology, including motor axon withdrawal from neuromuscular junction, and the resulting axonal die-back have been show to precede symptom onset and MN loss in both humans and animal models (Fischer et al. 2004; Kano et al. 2012) . The response to peripheral axotomy resembles the axonal die-back response, as both processes result in axonal disconnection from neuromuscular junctions in target muscle and after presynaptic stripping in the CNS. We, therefore, used axotomy as an investigative tool to delineate underlying molecular mechanisms that result in MN degeneration in pre-symptomatic mSOD1 mice (Mesnard et al. 2010 (Mesnard et al. , 2013 Haulcomb et al. 2014; Mesnard-Hoaglin et al. 2014) . The superimposition of facial nerve axotomy on pre-symptomatic mice allowed us to experimentally produce simultaneous die-back of a select MN population at a set time and for a controlled length of time post-axotomy.
As with the different subnuclear FMN and despite differences in cell fate, mSOD1 FMN displayed a dynamic prosurvival/regeneration response phenotypic of WT injured MN (Mesnard et al. 2010) . However, significant differences were revealed when the axotomy-induced gene expression response in the neuropil surrounding the injured FMN of pre-symptomatic mSOD1 was compared to WT. Collectively, the contrasting injury-induced responses of FMN vs the surrounding microenvironment within the facial nucleus suggests that there may be a dysregulation of nonneuronal cells following target disconnection that is pro-inflammatory in nature and perhaps contributory to the MN degeneration seen in the mSOD1 mouse model of ALS. Further use of laser capture microdissection to explore gene expression in the facial nucleus of mSOD1 mice, relative to WT, following axotomyinduced target disconnection provided evidence in support of a regenerative FMN phenotype surrounded by a proinflammatory environment with the CNS of mSOD1 mice Haulcomb et al. 2014) .
Given the results indicating similarities between mSOD1 and immunodeficient mouse FMN to axotomy, along with the dysregulation in nonneuronal cells close in proximity to the FMN cell bodies, we next began to explore the question of how might the immune system in the mSOD1 mouse be defective and whether axotomy could induce the production of neuroprotective CD4 + T cells as found in WT mice. Based upon the aforementioned studies, we hypothesized that a defective T cell population in the mSOD1 mouse could contribute to the immune dysfunction and MN cell death. To test this hypothesis, we conducted an extensive series of reconstitution experiments (Mesnard-Hoaglin et al. 2014 ) utilizing both immunodeficient and mSOD1 mouse models. To our surprise, the results of that study indicate that mSOD1 mouse CD4 + T cells ARE ABLE TO mediate neuroprotection after facial nerve axotomy in immunodeficient mice when isolated from a suppressive mSOD1 peripheral splenic microenvironment. We are currently testing how such a suppressive splenic microenvironment within the mSOD1 mouse might compromise neuroprotective CD4+T cell activation and/or differentiation.
Future Directions
No approach to date has been effective in providing meaningful immunotherapeutic impact for ALS patients, particularly with regard to reversing mortality levels associated with the disease. Thus, more immunology-focused studies are required to address the questions involving mechanism and potential therapeutic application. For example, what causes the activation and/or differentiation of a specific T cell subset during disease progression, and what factors influence the activation process? Are T cells activated before the disease process begins, but become refractive as the disease process progresses, thus lowering the potential neuroprotective effect of these cells? The future of research in this area will need to identify: 1) the specific antigen responsible for T cell activation, 2) key stages of immune cell involvement prior to disease development, and 3) immunotherapeutic transplant approaches that do not involve immunorejection.
